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MMP-9 were significantly increased in BV2 cells after administration of MDP.
Furthermore, overexpression of ARRB2 significantly suppressed the inflammation induced by MDP, silence of ARRB2 significantly enhanced the inflammation induced by MDP in BV2 cells. In addition, we observed endogenous interaction of TRAF6 and ARRB2 after stimulation of MDP or cerebral I/R insult, indicating ARRB2 negatively regulates NOD2-triggered inflammatory signalling pathway by associating with TRAF6 in microglia after cerebral I/R injury. Finally, the in vivo study clearly confirmed that ARRB2 negatively regulated NOD2-induced inflammatory response, as ARRB2 deficiency exacerbated stroke outcomes and aggravated the NF-κB signalling pathway induced by NOD2 stimulation after cerebral I/R injury. These findings revealed ARRB2 negatively regulated NOD2 signalling pathway through the association with TRAF6 in cerebral I/R injury.
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| INTRODUC TI ON
Ischaemic stroke is an important cause of death and disability in adults worldwide with a complex sequence of pathophysiological events. 1 An acute and sustained inflammatory response induced by cerebral ischaemia and reperfusion (I/R) is an important feature of the injury cascade. 2 Innate immunity is the first line of defence against infection which is also associated with a number of sterile inflammatory events, such as cerebral ischaemic injury. Upon stroke, dying cellular debris which is recognized as damage-associated molecular patterns (DAMP) activate Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) to induce inflammatory responses. 3 NOD2, an important member of the NLR family, has been confirmed participating in inflammatory diseases by activating caspase recruitment domain (CARD), signal to the nuclear factor κB (NF-κB). 4 Moreover, we have been proved NOD2 contributed to cerebral injury by NOD2-mediated inflammatory signalling in mice after ischaemic stroke. 5 However, there is still a limited understanding about the regulatory mechanism of NOD2 on the inflammation of cerebral I/R.
β-arrestins were adaptor proteins which terminate G protein activation by desensitizing and internalizing G-protein-coupled receptors (GPCRs). 6 More recently, β-arrestins have been identified as scaffold proteins binding with various target molecules and thus regulating a wide range of biological processes. 7, 8 Growing evidence shows that β-arrestin 2 (ARRB2) play a critical regulatory role in the inflammatory response. 9 Li et al reported ARRB2 acts
The expression of β-arrestin2 (ARRB2) in wild-type (WT) mice was increased after cerebral ischaemia-reperfusion (I/R) injury. Western blot analysis of ARRB2 (A), NOD2 (C) and TRAF6 (D) protein levels in the penumbral cortex from WT mice after 2 h occlusion of the middle cerebral artery (MCAO) and 2, 6, 12, 24, 48 and 72 h reperfusion. Results are representative of six independent experiments. *P < 0.05 compared with sham group. (B) Representative images of double immunolabelling for ARRB2 and Iba-1(microglia) in the penumbral cortex from WT mice after 2 h MCAO and 24 h reperfusion. DAPI indicates 4′,6-diamidino-2-phenylindole. Scale bars: 50 μm. (E) The interaction of ARRB2 and TRAF6 was determined by Co-Immunoprecipitation (Co-IP) in the penumbral cortex from WT mice after 2 h MCAO and 2, 6, 12 and 24 h reperfusion F I G U R E 2 MDP stimulation activated NF-κB/COX-2/MMP-9 signalling pathway in the microglia. BV2 cells were stimulated by 2 μg/ mL MDP for 0.5, 2, 6, 12, 24 h. Western blot was used to detect the protein levels of NF-κB p-P65 (A), IκBα (B), COX-2(C), MMP-9 (D) and MMP-2 (F). The activity of MMP-9 (E) and MMP-2 (G) was analysed by Gelatin Zymography. The values are mean ± SEM of three independent experiments. *P < 0.05 compared with the control group as an anti-inflammatory endogenous agent in experimental arthritis 10 and recent data suggested that ARRB2 negatively regulates polymicrobial sepsis-induced inflammation. 11 Moreover, ARRB2
plays a prominent role in the negative regulation of TLR4-triggered inflammatory responses by regulating p38 MAPK function 12 and ARRB2 interacted with NLRP3 to inhibit inflammation after traumatic brain injury. 13 However, specific molecular mechanism involved in the regulation of ARRB2 in NOD2-induced inflammation in cerebral I/R injury remains poorly understood. Here, we demonstrated that ARRB2 negatively regulated NOD2 signalling pathway through the association with TRAF6 in microglia after cerebral I/R injury.
| MATERIAL S AND ME THODS

| Drugs and reagents
2,3,5-triphenyltetrazolium chloride (TTC) was purchased from Sinopharm Chemical Reagent Co (Shanghai, China). All chemicals and reagents used in this study were of analytical grade and were purchased from Sigma (St Louis, MS, USA) unless otherwise mentioned. 
| Mice
| Animal models for transient focal cerebral ischaemia
Transient middle cerebral artery occlusion (MCAO) was induced in both ARRB2 −/− and WT mice (25-28 g) as described previously. 5 All surgeries were performed under sodium pentobarbital anaesthesia and all efforts were made to minimize suffering. After 2 hours of MCAO, reperfusion was initiated by the thread careful withdrawal.
As an extrinsic ligand of NOD2, muramyl dipeptide (MDP, Sigma- 
| Cell culture and treatment
Microglia cell line BV2 cells were cultured in the Dulbecco's modified
Eagle's medium (DMEM, Gibco Carlsbad, CA, USA) supplemented with 10% foetal bovine serum (FBS, Gibco Carlsbad, CA, USA) at 37°C with 5% CO 2 . BV2 cells were stimulated by 2 μg/mL MDP for indicated time.
| Cell transfection
Non-specific scrambled shRNA and ARRB2 targeting shRNA, ARRB2 fulllength GFP vector and the negative control vector were obtained from 
| Western blot
Western blot was performed as described previously. 14 
| Immunofluorescence staining
Staining was performed on brain sections as described in our previous publication. 5 In brief, sections were blocked by 10%
The deficiency of β-arrestin2 (ARRB2) accelerated the NOD2 triggered NF-κB/COX-2/MMP-9 signalling pathway. Scrambled shRNA or ARRB2 targeting shRNA were transfected into the BV2 cells. Western blot were used to analyse for the protein levels of NF-κB p-P65 (A), IκBα (B) and COX-2 (C) in BV2 cells after treated with 2 μg/mL MDP for 12 h. The activity of MMP-9 (D) was analysed by Gelatin Zymography. Data are means ± SEM from three independent experiments. *P < 0.05 compared with indicated groups normal donkey serum, and incubated in specific primary antibodies as follows: mouse anti-ARRB2 (1:100 dilution), rabbit anti- 
| Gelatin zymography
Gelatin zymography was performed to investigate the activity of matrix metalloproteinases (MMPs). BV2 cell supernatants for detecting were collected and centrifuged at 12 000 rpm at 4°C for 
| Neurological function and infract volume assessment
Twenty-four hours after I/R a 4-tiered neurological scoring system and infarct volume were used to determine the outcome by a blinded Quantification of the colocalization coefficient between ARRB2 and TRAF6. *P < 0.05 compared with control group observer as described previously. 16 Postural reflex was scored on a four-point grade scale: 0, normal function; 1, flexion of the torso and contralateral forelimb on lifting the animal by the tail; 2, circling to the contralateral side but normal posture at rest; 3, reclination to the contralateral side at rest; and 4, absence of spontaneous motor activity. TTC infarct measurement techniques were performed to measure infarct size. The brains were sliced into 2 mm thick coronal sections for staining with 2% TTC in phosphate buffer saline at 37°C F I G U R E 6 β-arrestin2 (ARRB2) deficiency exacerbated stroke outcomes induced by NOD2 stimulation after cerebral ischaemiareperfusion injury. Wild type (WT) and β-arrestin 2 deficient (ARRB2 
| Statistical analysis
All data were reported as mean ± SEM and analysed with GraphPad 6.0 Software. One-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test was used to evaluate where differences among groups existed. P < 0.05 was considered statistically significance.
| RE SULTS
| The ARRB2 expression was increased in WT mice subjected to cerebral I/R injury
In order to assess the change of ARRB2 in cerebral I/R injury, western blot and immunofluorescence analysis were used to determine the protein level of ARRB2. As shown in Figure 1A , ARRB2 protein level in the ischaemic penumbra was upregulated in WT mice subjected to 2 hours MCAO followed by 12, 24 and 48 hours reperfusion respectively and reached a peak expression at 24 hours. We further found that ARRB2 was significantly increased in microglia in the cortex at 24 hours after I/R by double immunofluorescence analysis ( Figure 1B) . Moreover, the expressions of NOD2 and TRAF6 increased dramatically in WT mice subjected to 2 hours MCAO followed by 12 and 24 hours reperfusion respectively ( Figure 1C and 1D). Furthermore, we investigated the interaction of ARRB2 and TRAF6 by Co-IP. The results showed that the interaction of ARRB2 and TRAR6 were induced after cerebral I/R in WT mice, and reached its peak at 12 hours and kept to 24 hours after reperfusion ( Figure 1E ). These data suggested ARRB2 may be involved in cerebral I/R injury by regulating the inflammation through interaction with TRAF6.
| MDP stimulation activated NF-κB/COX-2/ MMP-9 signalling pathway in the microglia
Our previous study has been demonstrated that NOD2 participated in the inflammatory responses to cerebral I/R injury and significantly upregulated in microglia both in vivo and in vitro. 5 To evaluate the exact function of NOD2 in microglia, we used MDP, an extrinsic ligand of NOD2 which triggers NOD2 and its downstream signalling pathway in macrophages. After BV2 cells were treated with 2 μg/mL MDP for 0.5, 2, 6, 12 and 24 hours, the NF-κB pathway was markedly activated by the phosphorylation of p65 subunit and degradation in IκBα (Figure 2A,B) . Meanwhile, the protein expression of COX-2 and MMP-9 were significantly increased at 2 hours and with a peak expression at 12 hours after MDP stimulation ( Figure 2C,D) .
Furthermore, Gelatin Zymography results showed MDP stimulation dramatically activated MMP-9 ( Figure 2E ). However, the protein level and activity of MMP-2 did not changed obviously in microglia stimulated by MDP ( Figure 2F,G) . Collectively, these results suggested MDP stimulation activated NF-κB/COX-2/MMP-9 signalling pathway in BV2 microglia cells.
| ARRB2 negatively regulated NOD2 triggered inflammation in microglia
To assess the role of ARRB2 in NOD2-induced inflammation, we transfected ARRB2 full-length plasmid and shRNA ARRB2 plasmid to overexpress and silence this gene respectively in BV2 cells. Our results showed overexpression of ARRB2 significantly diminished the activation of NF-κB induced by MDP in comparison with control vector group ( Figure 3A,B) , whereas silence of ARRB2 dramatically enhanced the activation of NF-κB ( Figure 4A,B) . In addition, transfection of full-length ARRB2 dramatically decreased the expression of COX-2 ( Figure 3C ) and suppressed the activation of MMP-9
( Figure 3D ) induced by MDP. Meanwhile, ARRB2 deficiency significantly boosted the protein level of COX-2 ( Figure 4C ) and the activation of MMP-9 ( Figure 4D ). Taken together, our results imply ARRB2
negatively regulated NOD2 triggered NF-κB/COX-2/MMP-9 signalling pathway in microglia cells.
| MDP stimulation induced interaction of ARRB2 and TRAF6
Next, we explored how ARRB2 regulates NOD2-induced inflammation. We used Co-IP and confocal microscopy to monitor the interaction of ARRB2 and TRAF6, an upstream protein of NF-κB in NOD2 signalling pathway. We observed that endogenous interaction of TRAF6 and ARRB2 reached a peak at 5 minutes after MDP stimulation ( Figure 5A ). Confocal immunofluorescence microscopy further confirmed the colocalization of ARRB2 and TRAF6 in MDP-treated BV2 cells (Figure 5B-D) . These data implicated that NOD2 activation leads to association of ARRB2 and TRAF6 in microglia cells, which negatively regulated the inflammation induced by MDP.
| ARRB2 deficiency exacerbated stroke outcomes induced by NOD2 stimulation after cerebral I/R injury by aggravating inflammation in mice
We previously found that stimulation of NOD2 aggravated stroke outcomes. 5 To evaluate the effect of ARRB2 on NOD2-induced lesion in cerebral I/R, MDP the extrinsic ligand of NOD2 was intra- 
| D ISCUSS I ON
In this study, we identified that ARRB2 played a critical role in the negative regulation of NOD2-induced inflammatory responses in cerebral I/R injury by interacting with TRAF6.
Inflammation is a key element in ischaemic stroke progression and innate immunity is considered to play pivotal role in the initiation of the inflammatory response in stroke and related injuries. 17, 18 NOD2 is an important constituent in the innate immunity and inflammation. We recently proved that NOD2 was involved in the inflammatory responses to cerebral I/R insult and significantly upregulated in microglia both in vivo and in vitro. 5 In this study, we further confirmed the inflammatory response mediated by NOD2 in microglia. Stimulation of NOD2 by MDP in BV2 cells induced the activation of NF-κB by the phosphorylation of p65 subunit and the degradation of IκBα. NF-κB activation is a classical signalling pathway of NOD2 which induces the transcription of many pro-inflammatory genes. 19 As a downstream of NF-κB, COX-2 is induced following brain ischaemia. Our previous study has been confirmed that NOD2 activation upregulated mRNA and protein expression of COX-2 in plaques. 20 We found that in BV2 cells the protein expression of COX-2 was also significantly increased after administration of MDP. Scoditti et al reported that COX-2 activity is associated with the regulation of matrix metalloproteinases (MMPs) a group of proteases involved in the breakdown of proteins of the extracellular matrix. 21 Microglia is a major source of MMPs which are upregulated and activated following cerebral ischaemia. 22 We found that both protein expression and activity of MMP-9 were upregulated in BV2 cells after NOD2 stimulation whereas the protein expression and activity of MMP-2 had no difference in this process. In fact, mice deficiency of MMP-9, but not MMP-2 had smaller infarcts compared to WT controls after focal cerebral ischaemia because MMP-9 is produced by immune cells. [23] [24] [25] Our results confirmed the speculation and indicated that NF-κB/COX-2/MMP-9 signalling pathway is involved in NOD2-mediated inflammation in BV2 cells. However, the mechanism involved in the regulation of NOD2-mediated inflammation is still unclear.
Growing evidence indicates that ARRB2 modulates inflammation through multiple mechanisms 12, 26 . In present study, we con- is also an important factor in the NOD2-mediated NF-κB inflammatory pathway. 29 In our present study, the increased interaction between ARRB2 and TRAF6 indicated ARRB2 negatively regulates NOD2-triggered inflammatory signalling pathway by associating with TRAF6 in microglia after I/R.
Wang et al also reported ARRB2 was upregulated in the periinfarct penumbra tissue in mouse model of cerebral ischaemia produced by MCAO, but ARRB2 deficiency cannot aggravate neuronal injury induced by cerebral ischaemia. 30 Our result was consistent with this report. Moreover, we further confirmed that ARRB2
negatively regulated NOD2-induced inflammatory response, as ARRB2-deficient mice exacerbated stroke outcomes and deletion of ARRB2 aggravated the NF-κB signalling pathway induced by NOD2 stimulation after cerebral I/R injury. Collectively, our study revealed that ARRB2 may play an important regulatory role in NOD2-triggered inflammation following cerebral ischaemia injury.
In summary, we have found that NOD2 stimulation mediated robust and broad inflammatory response in microglia and ARRB2
negatively regulated NOD2-induced inflammatory response following ischaemic stroke by combination with TRAF6 ( Figure 7 ). Taken together, ARRB2 emerged as an important control point in the integration of inflammatory responses mediated by NOD2, which may prove useful in the future development of new therapeutic approach for the treatment of ischaemic stroke. 
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